Although protists occupy a vast range of habitats and are known to interact with plants among other things via disease suppression, competition or growth stimulation, their contributions to the 'phytobiome' are not well described. To contribute to a more comprehensive picture of the plant holobiont, we examined cercozoan and oomycete taxa living in association with the model plant Arabidopsis thaliana grown in two different soils. Soil, roots, leaves and wooden toothpicks were analysed before and after surface sterilization. Cercozoa were identified using 18S rRNA gene metabarcoding, whereas the Internal Transcribed Spacer 1 was used to determine oomycetes. Subsequent analyses revealed strong spatial structuring of protist communities between compartments, although oomycetes appeared more specialized than Cercozoa. With regards to oomycetes, only members of the Peronosporales and taxa belonging to the genus Globisporangium were identified as shared members of the A. thaliana microbiome. This also applied to cercozoan taxa belonging to the Glissomonadida and Cercomonadida. We identified a strong influence by edaphic factors on the rhizosphere, but not for the phyllosphere. Distinct differences of Cercozoa found preferably in wood or fresh plant material imply specific niche adaptations. Our results highlight the importance of microeukaryotes for the plant holobiont.
Introduction
Research on microorganisms living in close association with eukaryotic hosts has attracted much attention in the past years highlighting strong effects of plant-associated microorganisms on their host's fitness (Berendsen et al., 2012; Berg et al., 2014 and references therein) . This understanding has contributed to a revision of our perspective on plants. Thus, plants are no isolated entities, but organized in 'hologenomes' with their microbiomes (Zilber- Rosenberg and Rosenberg, 2008; Vandenkoornhuyse et al., 2015) .
Prior to the analysis of specific interactions and functional effects, the description of major players in the microbiome is paramount. The plant microbiome has been studied on a range of plant species (Bulgarelli et al., 2013; Berg et al., 2014) focussing on bacteria and fungi (Berendsen et al., 2012; Bakker et al., 2013; Mendes et al., 2013; Philippot et al., 2013; Bringel and Cou ee, 2015) . While research concentrated on basic principles underlying the formation of plant-bacteria interactions has been conducted by a combination of descriptive metabarcoding work (Leff et al., 2015) and reductionist approaches such as synthetic communities (Beattie, 2015) , protist-plant interactions have long focussed on parasites (Dollet, 1984; Holub, 2008; Siemens et al., 2009) . Only recently have investigators started to unveil natural variation in plant associated protists (Arcate et al., 2006; Hulvey et al., 2010; Agler et al., 2016; Ploch et al., 2016) . These have been shown to affect plant health and productivity by controlling bacterial populations (Bonkowski, 2004; Rosenberg et al., 2009) , affecting hormone balance (Krome et al., 2010) and reproductive fitness , acting as antagonists (Gerbore et al., 2014) or vectors for plant pathogens such as viruses (Rush, 2003; Rochon et al., 2004) .
In this study, we focussed on two protist phyla harbouring taxa known to interact with plants, namely the Oomycota (Stramenopiles) and the Cercozoa (Rhizaria) belonging to the SAR supergroup (Ruggiero et al., 2015) . The phylum Oomycota is closely related to diatoms and brown algae (L evesque, 2011) and its members probably originated from marine environments and migrated to land with host organisms early in eukaryotic evolution (Beakes et al., 2012) . Different life styles are known within the Oomycota ranging from saprophytes in marine, freshwater and soil environments to obligate biotrophic pathogens of animals and plants (Beakes et al., 2012) . Early diverging taxa within the subclass Eogamia are mostly found in marine or freshwater habitats as parasites of algae or nematodes among other things. It is thus thought that oomycetes are evolutionarily adapted to a pathogenic lifestyle (Beakes et al., 2012) . Plant-oomycete interactions have been extensively studied (Fawke et al., 2015; Larousse and Galiana, 2017) with specific emphasis on their role in plant immune response (Jiang and Tyler 2012) . Antagonists are known: for example, the mycoparasite Pythium oligandrum is used in biocontrol (Gerbore et al., 2014) . Despite the importance of oomycetes for plant health and their ubiquitous presence in soil (Geisen et al., 2015) little is known about the extent of plant associated communities and the factors affecting their presence. For example, rhizosphere and phyllosphere appear to be both colonized by Pythiaceae and Peronosporaceae (Arcate et al., 2006; Agler et al., 2016) , whereas spatial structuring was detected for Saproleginaceae described in the rhizosphere (Arcate et al., 2006) and Albuginaceae dominant in the phyllosphere (Agler et al., 2016) and present in siliques of several Brassicaceae (Ploch and Thines, 2011) . In Arabidopsis thaliana, the best known oomycete pathogens are Hyaloperonospora arabidopsis (Holub, 2008) and Albugo laibachii . Only recently was the genus Albugo identified as shaping the plant's microbiome (Agler et al., 2016) . Environmental and edaphic factors have been shown to influence oomycete diversity associated with soybean seedlings (Rojas et al., 2017) .
The phylum Cercozoa (Cavalier-Smith, 1997) is highly speciose and constitutes one of the dominant protistan groups in terrestrial ecosystems (Sandon, 1927; Bates et al., 2013; Geisen et al., 2015) . The phylum is divided into the subphyla Endomyxa, harbouring mostly parasites, and Filosa, harbouring filose naked and testate amoeba and flagellates (Cavalier-Smith and Chao, 2003) . Especially non-parasitic members of the Rhizaria are largely understudied (Burki and Keeling, 2014) manifesting itself in frequent new descriptions of species and genera (Bass et al., 2009b; Howe et al., 2011a; Gong et al., 2015; Dumack et al., 2016a) . Heterotrophic Cercozoa can feed on bacteria (Gl€ ucksman et al., 2010) , algae (Hess and Melkonian, 2013) , cyanobacteria (Jungblut et al., 2012) and oomycetes (Neuhauser et al., 2014) . Parasitic cercozoans include economically important causal agents of clubroot, Plasmodiophora brassicae and powdery scab of potato, Spongospora subterranean (Neuhauser et al., 2014) . It is thought that these biotrophic pathogens have a high host specificity (Neuhauser et al., 2014) . At the community level, little is known about plant associated Cercozoa except for the Phytomyxea (Neuhauser et al., 2014) , besides an influence of woodland herb cover on soil cercozoan richness (Tedersoo et al., 2016) and the dominance of Glissomonadida and Cercomonadida in soils (Howe et al., 2009 ) and phyllosphere of various Brassicaceae (Ploch et al., 2016) . It is thus paramount to fill these knowledge gaps, thus we focussed on non-parasitic cercozoans.
Inspired by the definition of a core A. thaliana root microbiome (Lundberg et al., 2012) we used the experimental set up described previously (Bulgarelli et al., 2012) to study the plant's protistbiome focussing on Oomycota and Cercozoa taking into account edaphic factors. Due to variation in taxonomic resolution of DNA barcodes, we used two different barcodes namely Internal Transcribed Spacer 1 (ITS1) (Robideau et al., 2011; Vettraino et al., 2012) and V4 of the 18S rRNA gene (Harder et al., 2016) for metabarcoding of oomycete and cercozoan communities respectively. We hypothesized that soil origin would shape plant associated protist communities, but that the plant itself would select for specific taxa colonizing its organs. Furthermore, we tested whether protists studied would occupy metabolically inactive plant material provided as wooden toothpicks.
Results
We studied oomycete and cercozoan communities living in close association with the model plant A. thaliana grown in two different soil types. In total, 28 samples per soil type were prepared for NGS using either ITS1 or SSU metabarcoding. Only one leaf replicate from plants grown in Cologne soil was successfully amplified (unsterile and sterile) using the ITS1 approach. Prior to rarefaction we recovered 2 239 966 ITS1 and 7 286 427 SSU reads (Supporting Information Tables S2 and S3). Following removal of non-oomycete or non-cercozoan sequences, saturation was reached for most samples (Supporting Information  Fig. S1 ). After filtering of low abundant OTUs, 14 oomycete and 93 cercozoan OTUs remained. grown in Golm soil compared to plants grown in Cologne soil (Fig. 1 , Supporting Information Table S4 ). Both protist groups showed relatively low diversity in the phyllospheres and little difference between sterilized and unsterilized plant material. Oomycete richness in soils ranged from 5 to 7 OTUs ( Fig. 1 ) and no significant difference could be observed between the two soils. OTU richness was significantly higher in the rhizospheres of Golm grown plants (10-11 OTUs) compared to bulk soil. Phyllosphere samples from Cologne grown plants had a low richness with 2 OTUs. For subsequent analyses, phyllosphere profiles were excluded. Cercozoan richness was highest in a toothpick sample from Golm soil (76 OTUs, GTNS3, Supporting Information Table S4 ). Golm soil harboured a significantly higher richness than Cologne soil, the latter displaying a mean richness of 49 OTUs (Fig. 1) . The rhizosphere from Cologne averaged 43 cercozoan OTUs, whereas toothpick samples harboured 49 OTUs. Phyllosphere diversity from Cologne was elevated (19-27 OTUs) compared to Golm grown plants (6-10 OTUs).
Community structure -Oomycota
Variation in oomycete community structure could be attributed to both soil type and plant material based on ANOSIM results (Global R 0.426, p 5 0.001, Global R 0.515, p 5 0.001 respectively) with the latter displaying a slightly stronger effect. This was linked to a shift in oomycete communities towards a more similar rhizosphere community compared to bulk soil communities (Fig. 2) . In PCA, the first and second component explained 70.1% of the total variance. The first component, explaining 46.3% of variance, displayed the differentiation into compartment. In particular, the presence of OTUs 3, 7, 8 and 144 were correlated with the first component indicating an effect by the plant on these OTUs towards the rhizosphere (Fig. 2) . These OTUs were also identified as shared OTUs between the two soils using the QIIME core microbiome algorithm (presence in 100% of root samples). Similar patterns were observed for binary community profiles.
The changes towards similar communities in the rhizosphere are supported by high NODF/col and low BR values for rhizosphere oomycetes (Table 1) . NODF/row values indicate a change towards specialized plant associated taxa.
Community structure -Cercozoa
In PCA based on cercozoan community profiles, the first and second component explained 48.9% of total variance, whereas components 1, 2 and 3 together explained 61.5%. Cercozoan communities were strongly differentiated by plant compartment, with only a small structuring One-way ANOVA combined with the Holm-Sidak method for pairwise multiple comparisons were used to detect significant differences, ***p < 0.001, **p < 0.01, *p < 0.05, ns: not significant. effect explained by soil type (Fig. 3A) . This observation was supported by ANOSIM (Compartment Global R 0.652, p 5 0.001; soil Global R 0.239, p 5 0.001) and cluster analysis (Fig. 3C ). Cluster analysis reiterated grouping of cercozoan communities according to compartment, with a further differentiation within compartment, based on soil type. To a lesser extent, this was also the case for cercozoans in the phyllosphere, which grouped most strongly as shown in the upper part of Fig. 3A and lower part of Fig. 3B . Similar patterns were observed for binary community profiles. The cercozoan communities associated with the toothpicks were strongly differentiated from the other samples, irrespective of soil type as shown in the lower part of Fig. 3A and in Fig. 3C . Pairwise ANOSIM analysis corroborates this observation with the greatest distinction between toothpick and soil communities (R 0.985, p 5 0.001), although rhizosphere and phyllosphere communities also differed strongly from toothpick samples (R 0.773, p 5 0.001; R 0.641, p 5 0.001 respectively). Differentiation between the compartments (soil, phyllosphere and rhizosphere) is also apparent in the visualization of the first and third principal component of PCA (Fig. 3B ). High variation was found between rhizosphere and phyllosphere (R 0.679, p 5 0.001), which were both strongly differentiated from soil communities (R 0.596, p 5 0.001; R 0.551, p 5 0.001 respectively). The greatest variation among cercozoan communities was present in phyllosphere samples (Fig. 3C ). This distinction between compartments is supported by nestedness results (Table 1) . High NODF/col and low BR values for rhizosphere and toothpick associated communities indicate a strong effect of the plant habitat on community structure. In contrast, phyllosphere Cercozoa showed little nestedness in agreement with the high variability observed in cluster analysis. Comparison of sterilized and unsterilized material did not indicate a high nestedness of either implying little variation between these sample types.
Taxonomy and occurrence of detected protists
All oomycetes detected belonged to the Peronosporales with the majority being members of the Pythiaceae and are related to many known plant pathogens, mainly to the members of the genus Globisporangium (Fig. 4) . In both soil types, the most abundant OTUs were related to G. lucens (OTU 8, accounting for 21% of all oomycete reads), G. recalcitrans (OTU 3, accounting for 13.8% and OTU 7, accounting for 10.3%), G. irregulare (OTU 23, accounting for 8.4%) and a member of the Peronosporaceae, Phytophthora infestans (OTU 38, accounting for 8.3%). In contrast, Pythium monospermum related sequences could only be detected in Cologne samples, whereas relatives of G. sylvaticum, G. apiculatum, G. heterothallicum, G. glomeratum, G. ultimum and P. oligandrum were found exclusively in Golm samples (all members of the Pythiaceae). All OTUs were detected in sterilized and unsterilized plant organs with the exception of OTU 41 related to P. monospermum not found inside root tissue.
The phylogenetic tree of cercozoans was mostly consistent with published phylogenies (e.g., Howe et al. 2011b) , allowing to place OTUs in a phylogenetic framework with reasonable confidence (Fig. 5, Supporting Information Fig.  S3 ). The Novel clades 10-11-12 were paraphyletic to a monophyletic Filosa. In Filosa, the following main clades were recovered: Granofilosea, Metromonadea, Paracercomonadidae, Cercomonadidae, a clade of incertae sedis genus Kraken, Thecofilosea, Imbricatea and Glissomonadida. OTUs were retrieved in all clades except Novel clade 10, Metromonadea and Thecofilosea. The Cercozoa detected could be assigned mainly to the orders Glissomonadida and Cercomonadida, but also relatives of Novel Clade-12 belonging to the Tremulida, Imbricatea, Granofilosea, Phytomyxea and the newly described genus Kraken were found (Fig. 5, Supporting Information Fig. S3 ). The eight most abundant taxa could be related to the following cercozoan genera or orders: Paracercomonas (OTU 2, accounting for 21.8% of all cercozoan reads; OTU 11, 3.7%), Limnofila (OTU 3, 7.6%), Kraken gen. nov. (OTU 4, 5.8%), Glissomonadida (OTU 5, 4.7%), Group Te (OTU 14, 4.4%), Proleptomonas (OTU 6, 3%) and Eocercomonas (OTU 16, 2.9%). Across all samples, the presence of OTU 2, a relative of Paracercomonas minima was confirmed by QIIME core microbiome analysis (presence in 100% of samples). This was the only taxon consistently found in phyllosphere samples (Fig. 5) . Differentiation into rhizosphere and toothpick communities was apparent looking at the core microbiome results (Fig. 5) . Some taxa within the Glissomonadida preferentially occupied the rhizosphere (OTUs 12, 14, 48, 106, 291 and 1427, Fig. 5) . Also OTUs accounting for less than 0.2%, namely OTU 381, 1264 and 331 were consistently found in rhizosphere samples. Other taxa were specifically associated with toothpicks (OTUs 3, 15, 19, 25, 26, 28, 42, 59, 1539, Fig. 5 ). These were taxonomically diverse ranging from members of the Glissomonadida, Granofilosea and Cercomonadida. Low abundant (less than 0.2%) OTUs 24, 29, 56, 68, 107, 293, 298, 393, 522, 930, 983, 1101 OTUs 24, 29, 56, 68, 107, 293, 298, 393, 522, 930, 983, , 2059 and 3712 were also identified as shared toothpick taxa. Few cercozoa were consistently detected in both plant compartments namely OTU 4 (relative of Kraken), OTUs 11, 16, 1243 and 2506 (members of the Cercomonadida). For low abundant OTUs (less than 0.2%) this was the case for OTUs 930 and 2042.
Discussion
Our results highlight the significance of protists for phytobiome research and we identify and characterize two protist groups as shared components in the A. thaliana protistbiome. We show strong niche differentiation of Oomycota and Cercozoa within the host and the influence of edaphic factors on community composition. Our approach ensured a comprehensive description of plant associated Oomycota and non-parasitic Cercozoa which can be difficult using general primer sets (Lentendu et al., 2014) . To our knowledge, this is the first report of rhizosphere oomycete and cercozoan communities in A. thaliana. The detection of multiple undescribed A. thaliana symbionts as putative asymptomatic endophytes provides a new perspective on our understanding of phytobiomes. These results underscore the need for a better understanding of microbe-microbe interactions (Lareen et al., 2016) if we aim to enhance productivity of crop production by manipulation of the microbiome. The tree is rooted between Phytomyxea and the remaining taxa (100% bootstrap support). OTUs not detected endophytically are underlined. Shared OTUs are highlighted in bold accompanied by rectangles indicating the compartment, namely rhizosphere (orange), phyllosphere (green) or toothpick (yellow). Sequences obtained in this study are named as 'OTU', reference sequence names are given followed by the GenBank accession number. Bootstrap values > 50% are displayed. A comprehensive phylogenetic analysis is provided as Supporting Information Fig. S3 .
Oomycota -Richness, taxonomy and community patterns
The oomycete richness we detected was comparable to alpha diversity associated with soybean seedlings (Rojas et al., 2017) , but was considerably lower compared to 34 taxa found in Sphagnum-dominated peatland (Singer et al., 2016) . This could be attributed to several reasons. Firstly, Singer and colleagues (2016) covered several bryophyte species providing a broader niche for plant associated oomycetes compared to a single Brassicaceae species. High variability in oomycete diversity associated with different plant species has been shown previously (Arcate et al., 2006) . Second, differences may be explained by the use of different metabarcoding methods, and third could be attributed to differences in soil communities. In contrast to Singer et al. (2016) , who studied a moist environment favoured by oomycetes, we used agricultural soil known to harbour lower microbial diversity (Roesch et al., 2007) . This highlights the importance of edaphic factors shaping phytobiomes, which is corroborated by considerably higher rhizosphere diversity in Golm compared to Cologne grown plants.
The shared root oomycetes of A. thaliana were mostly described as plant pathogens belonging to the genus Globisporangium sp. within the Peronosporales (Uzuhashi et al., 2010; Kirk, 2016) . These included G. violae detected in viola and carrots (Hyde et al., 2014) and relatives of G. recalcitrans showing a broad host spectrum (Moralejo et al., 2008) . Patchy associations were detected for relatives of G. irregulare, a highly virulent oomycete (Spies et al., 2011) and P. infestans. In the latter case, it was only found once endophytically which is in line with the notion that A. thaliana is a non-host for this oomycete. In the Golm soil grown plants, we detected relatives of pathogens with a wide host range (Farr and Rossman, 2017; Schroeder et al., 2012) for example G. sylvaticum, G. ultimum, G. heterothallicum and the antagonist Pythium oligandrum (Gerbore et al., 2014) . Also relatives of G. apiculatum isolated from Vitis root debris (Paul, 2006) and G. glomeratum isolated from soil (Paul, 2003) were detected. The dominance of Pythiaceae in the rhizosphere of A. thaliana is not surprising given their presence in agricultural soils and wide host ranges (Arcate et al., 2006; Schroeder et al., 2012) , which will have contributed to the success of this oomycete group. This is probably enabled by their ability to live as saprotrophs (Murase et al., 2012; Mao et al., 2014) . The lack of specific oomycete taxa such as Albugo sp. in the phyllosphere is in striking contrast to field findings (Ploch and Thines, 2011; Agler et al., 2016) . This may be explained by the absence of inoculum of these taxa in our soil samples or differences in recruitment of specific taxa from the air (Heller and Thines, 2009 ).
Cercozoa -Richness and taxonomy
Information on the diversity of non-parasitic plant-associated Cercozoa is scarce. A recent study, based on a cloning approach, reported the presence of 24 taxa in the phyllospheres of field collected A. thaliana, Cardamine hirsute, C. pratensis and Draba verna mainly belonging to members of the Glissomonadida or Cercomonadida (Ploch et al., 2016) . In the phyllosphere of Cologne grown plants we detected a slightly higher diversity by NGS, which may be attributed to the coverage of our primers (Fiore-Donno et al. 2017) . Otherwise, the taxonomic composition, which included relatives of the genera Eocercomonas, Cercomonas, Rhogostoma, Viridiraptor, Trinema and Sandona, was remarkably similar between the two studies, in spite of different methodologies used. This suggests that these genera may be commonly associated with Brassicaceae like A. thaliana. Likewise, we also detected high variability in the phyllosphere as reported in Ploch et al. (2016) , which has been described as fluctuating (M€ uller et al., 2016) . Members of the Cercomonadida have also been found on butterhead lettuce (Vaerewijck et al., 2011) indicating a common ability for colonization of plants. The authors also detected the glissomonad Proleptomonas faecicola, which we found in roots and leaves. The prevalence of Glissomonadida is not surprising due to their ubiquity and dominance in soil (Howe et al., 2009 ).
Cercozoa -Community patterns
Cercozoan diversity was highest in non-sterile root and toothpick samples, which is in line with the current understanding that the dominant groups are bacteriovores (Bass et al., 2009b; Howe et al., 2011a) . It is, therefore, not surprising that the differentiation of cercozoan communities in the tested plant organs resembles the findings described for bacterial microbiomes (Leff et al., 2015; M€ uller et al., 2016) . Cercozoa control bacterial communities differentially via grazing as shown for the genera Cercomonas, Paracercomonas, Sandona and Allapsa (Gl€ ucksman et al., 2010). Our results are fully in-line with these findings, since Cercozoa largely displayed similar distribution patterns as observed for the A. thaliana microbiome (Bulgarelli et al., 2012) , suggesting specific prey preferences. These were particularly compelling for members of the Glissomonadida. Relatives of Sandona sp. (Howe et al., 2009) and Flectomonas ekelundi (Howe et al., 2009 ) favoured the toothpick environment, whereas relatives of Group Te (Howe et al., 2009 ) preferred the rhizosphere habitat. The latter is an environmental clade comprising sequences obtained from low oxygen environments including the rhizosphere of trembling aspen (Lesaulnier et al., 2008) and sediments (Dawson and Pace, 2002) . We assume that members of this clade require specific conditions provided in the root microniche, which would explain the lack of isolated representatives so far. Another important member of root protists was a relative of the Glissomonad Viridiraptor invadens. Viridiraptoridae have been described as algivorous and capable of penetrating plant cell walls (Hess and Melkonian, 2013; . This suggests a direct interaction between this cercozoan and A. thaliana that should be explored in future studies. Since A. thaliana is a potential host for cercozoan parasites like Polymyxa graminis, P. betae or Plasmodiophora brassicae (Neuhauser et al., 2014) , we were surprised to find Polymyxa sp. in bulk soil but not in plant samples. This can potentially be attributed to the low coverage of Phytomyxea by the primers used. Similarly, the association between plants and vampyrellids could be of interest in the future due to their ability to penetrate algal cell walls (Gong et al., 2015) . Future studies could take into account additional levels of trophic groups to gain comprehensive information on the microbial networks associated with plant hosts.
According to current understanding the grazing pressure of bacterivorous protists has a significant influence on the composition and function of plant-associated bacteria (Jousset et al., 2008; Rosenberg et al., 2009; Flues et al., 2017) , whereas this study clearly shows that Arabidopsis thaliana and wooden toothpicks, most likely due to their specific associated bacterial communities also shape the composition of the predators. Thus, the resulting resident microbial communities appear to be structured in parallel by top-down and bottom-up processes. Strong habitat preferences were observed for other Cercozoa associated with toothpicks namely relatives of the Granofilosea, specifically Novel Clade Gran-5 (Howe et al., 2011b) , Mesofila sp. detected in a cyanobacterial mat (Jungblut et al., 2012) , Limnofila sp. (Bass et al., 2009a) , and a relative of Cercomonas media (Bass et al., 2009b) . In contrast, heterotrophic Cercozoa detected in both root and toothpick samples appear to be generalists. This applies to OTUs assigned to Kraken carinae (Dumack et al., 2016b) , and the Cercomonadida Paracercomonas sp., and Eocercomonas sp. (Bass et al., 2009b) . The latter genera appear to be particularly broad in niche preference given their presence in fecal samples .
Edaphic factors affected the observed patterns similar to plant associated bacteria (Lareen et al., 2016; M€ uller et al., 2016) . In bulk soil we detected up to 72 different taxa, which appeared low compared to the described richness of over 180 in soils subjected to crop rotation (Lentendu et al., 2014) . This could be the result of differences in sequence clustering, but since over 1500 taxa were detected in heath-and grassland (Harder et al., 2016) , it is probable that cercozoan diversity is reduced in agricultural soils as shown for prokaryotic diversity (Roesch et al., 2007) , though a comprehensive comparison of soil types including various agricultural soils is currently lacking.
Relevance for phytobiome research
For some fungal endophytes of A. thaliana, a delicate balance between virulence and host defense defines the interaction between host and fungus (Junker et al., 2012) . To unravel interactions between plants and protists, more studies should include them in phytobiome studies to gain a more holistic picture on the networks present on respective hosts (van der Heijden and Hartmann, 2016) . Such findings are particularly relevant for the manipulation of bacterial communities for the benefit of the plant (Lareen et al., 2016) , but also to disentangle multipartner relationships (de Souza et al., 2016) . The presence of potential plant pathogens in our samples reveals a large reservoir of pathogenic species and highlights the need to understand which biotic and abiotic conditions keep these organisms under control.
In conclusion, we detected highly specific protistbiomes by examining oomycete and cercozoan taxa in association with A. thaliana grown in two different soils. Metabarcoding revealed specific subsets of the soil micro-eukaryotic diversity in roots, leaves and wooden toothpicks indicating differential niche adaptations. Taxa related to Globisporangium (Pythiaceae, Oomycota) and members of the Glissomonadida and Cercomonadida (Cercozoa) comprised the A. thaliana protistbiomes shared between the two soils studied. The adaptations to different microniches was less pronounced for non-parasitic Cercozoa compared with Oomycota indicating that oomycetes could be more specialized. We identified a strong effect of edaphic factors on the composition of the Cercozoa in the rhizosphere, but not for phyllosphere, thus Cercozoa appear to follow bacterial microbiome patterns. Future phytobiome research should account for the various components within the plant habitat, especially when insights should be applied for plant health.
Experimental procedures

Experimental design
Our experimental design was modelled on that of Bulgarelli et al. (2012) . Arabidopsis thaliana plants were grown on a sandy and a loamy soil. Controls with soil only were prepared as well as treatments with toothpicks serving as metabolically inactive plant material. Four replicates for each approach and soil type were prepared. Detailed information about the experimental design, soil origin, sampling and DNA extraction can be found in Supporting Information 1.
Metabarcoding of oomycete and cercozoan communities
The ITS1 served to reflect oomycete communities as described previously (Sapkota and Nicolaisen, 2015) . The V4 region of the 18S ribosomal RNA gene (SSU) (Harder et al., 2016) was used for cercozoan community profiling with newly designed primers (Fiore-Donno et al., 2017) . For both protocols, primers in the 2nd round of PCR were amended with Illumina overhang adapters (Illumina's 16S Metagenomic Sequencing Library Preparation protocol, Supporting Information 1). Mock communities (artificial communities based on DNA extracts of isolates) were used for validation (Supporting Information 1).
Amplification products were run on 1.5% agarose gels and bands of 200-450 bp (ITS1) or 400 bp (SSU) were excised and purified (NucleoSpinV R Gel and PCR Clean-up, MachereyNagel, D€ uren, Germany). A dual-index sequencing strategy was applied (Kozich et al., 2013) for which Illumina Nextera XT sequencing adapters and indices (San Diego, CA, USA) were attached to each sample with a PCR step described in Illumina's 16S Metagenomic Sequencing Library Preparation protocol (Supporting Information Tables S2 and S3 ). Index PCR of the ITS1 amplicons was performed using Phusion High-Fidelity DNA Polymerase (New England Biolabs, Frankfurt am Main, Germany), whereas the Q5 Master mix (New England Biolabs) was used for index PCR of the SSU amplicons.
The indexed PCR products were purified with AMPure Beads (GENEWIZ, South Plainfield, NJ, USA) following the Illumina 16S Metagenomic library preparation protocol. Final libraries were eluted in 25 ll nuclease free water. Quantification of each library was performed using the Qubit dsDNA HS assay (ThermoFisher Scientific, Waltham, MA, USA). All samples and controls were combined in equal concentrations to produce a 40 nM library, which was quantified and diluted to produce a 20 nM library for quality control on the Tapestation (Agilent, Waldbronn, Germany). The library was further diluted, denatured and combined with 10% PhiX. Paired-end sequencing was carried out on a HiSeq 2500 instrument (Illumina) in rapid-run mode by the Max Planck-Genome-Centre Cologne, Germany.
Data analysis
Bioinformatics analysis was carried out using a combination of algorithms available via QIIME v1.9.1 (Caporaso et al., 2010) and USEARCH v8.1 (Edgar, 2010) to analyse already demultiplexed sequences. Demultiplexing was performed by the Illumina protocol not allowing any mismatch in the index sequences. Sequences obtained from the mock communities were analysed using various approaches for quality filtering and clustering. The best suited analysis pipeline consisted of joining paired-end reads via QIIME using fastq-join (Aronesty, 2011) . After primer trimming the USEARCH command 'fastq_-filter' was used for quality filtering applying a maximum error threshold of 1.0 (Edgar and Flyvbjerg, 2014) . Dereplication and removal of singletons preceded clustering at 97% sequence similarity and chimera identification by UPARSE (Edgar, 2013) . Prior to taxonomy assignment using utax (http://www.drive5.com/usearch/manual/utax_algo.html) respective reference databases were created (Supporting Information 1).
Removal of non-oomycete or non-cercozoan OTUs was carried out via QIIME (Oomycete: 167 OTUs accounting for 78.8% of all OTUs; Cercozoa 1 322 OTUs accounting for 34.8%) and removal of any OTUs with a fraction of 0.1% or lower to compensate for within run contamination (Nelson et al., 2014) . Alpha diversity indices including chao 1 (Chao, 1984 ), Good's coverage (Good, 1953) , number of observed OTUs and Shannon diversity index (Shannon et al., 1948) were calculated on rarefied (7 715 ITS1 or 56 416 SSU sequences) samples using QIIME. The following samples were excluded from analyses because of low read numbers: all leaf samples, CaRNS3 and CaRS3 for oomycete and GLNS4, GLS1, GLS2, GLS3 for cercozoan communities. Toothpick samples did not yield any PCR product for oomycete communities.
Details on phylogenetic analyses are provided within Supporting Information 1.
Statistics
Differences in species richness were assessed applying analysis of variance (ANOVA) implemented within the SigmaPlot 13 package (Systat Software GmbH, Erkrath, Germany). Multivariate statistical analyses were guided by the GUide to STatistical Analysis in Microbial Ecology (Buttigieg and Ramette, 2014) . Log transformed relative abundances of OTUs were used to test for community differences in relation to soil origin and plant compartment. The subroutine Principal Component Analysis of the PRIMER software package version 6 (Primer-E, Lutton, UK) was used. PRIMER subroutines ANO-SIM and clustering using complete linkage based on BrayCurtis similarity matrices were applied.
To determine whether taxa poor communities were subsets of taxa rich communities associated with studied compartments, we analysed community nestedness (Ulrich and Almeida-Neto, 2012 ) using the NeD software (Strona et al., 2014) . The metrics NODF and BR were calculated. See Supplementary Information for more details. Z values were computed using 100 generated null matrices with proportional row and column totals to assess reliability.
Nucleotide sequence accession numbers
The cercozoan SSU and oomycete ITS1 raw sequences have been deposited in the European Nucleotide Archive under study accession number PRJEB19488 (sample accession numbers ERS1572877-ERS1572932 for cercozoan, ERS1583289-ERS1583328 for oomycete communities and ERS1628966-ERS1628968 for mock communities).
Supporting information
Additional Supporting Information may be found in the online version of this article at the publisher's website: Supporting Information 1: Materials and Methods Table S1 . Cultures used for mock communities Table S2 . ITS1 sequences after merging Table S3 . SSU sequences after merging Table S4 . Alpha diversity metrics for sequenced and rarefied samples Supporting Information Alignment_18SrDNA.fasta 1442 positions. The tree is rooted between Phytomyxea and the remaining taxa (100% bootstrap support). OTUs not detected endophytically are underlined. Shared OTUs are highlighted in bold accompanied by rectangles indicating the compartment, namely rhizosphere (orange), phyllosphere (green) or toothpick (yellow). Sequences obtained in this study are named as 'OTU', reference sequence names are given followed by the GenBank accession number. Bootstrap values larger than 50% are displayed.
